Spatial summation of pain (SSP) is the increase of perceived intensity that occurs as the stimulated area increases. Spatial summation of pain is subadditive in that increasing the stimulus area produces a disproportionately small increase in the perceived intensity of pain. A possible explanation for subadditive summation may be that convergent excitatory information is modulated by lateral inhibition. To test the hypothesis that lateral inhibition may limit SSP, we delivered different patterns of noxious thermal stimuli to the abdomens of 15 subjects using a computer-controlled CO 2 laser. Lines (5 mm wide) of variable lengths (4, 8 cm) were compared with 2-point stimuli delivered at the same position/separation as the length of lines. When compared with one-point control stimuli, 2-point stimulus patterns produced statistically significant SSP, while no such summation was detected during line stimulus patterns. Direct comparison of pain intensity evoked by 2-point pattern stimuli with line pattern stimuli revealed that 2-point patterns were perceived as significantly more painful, despite the fact that the 2-point pattern stimulated far smaller areas of skin. Thus, the stimulation of the skin region between the endpoints of the lines appears to produce inhibition. These findings indicate that lateral inhibition limits SSP and is an intrinsic component of nociceptive information processing. Disruption of such lateral inhibition may contribute substantially to the radiation of some types of chronic pain.
Introduction
To interact with the outer world, organisms have developed sensory systems that are able to integrate information from different spatio-temporal domains. This integration allows distinct sensory stimuli to be placed in a unified context but also serves to preserve both spatial and temporal resolutions. To perform such tasks, there are similar computational processes across different sensory pathways that allow stimuli to be integrated for further processing into a conscious perception. For example, the shaping of afferent information by lateral inhibition has long been known to be a critical process in multiple sensory systems including vision and somatosensation. 1, 10, 22 Such interactions between neighboring neurons in early sensory processing provide a computational mechanism to maximize spatial contrast between stimuli.
In the nociceptive system, little is known about the role of lateral inhibition. However, indirect lines of evidence suggest that it plays a significant role in the processing of afferent information. For example, localization of single-point noxious thermal stimuli is accomplished with errors as small as approximately 1 cm. 12, 19, 31 This accuracy exceeds that which would be predicted by the receptive field sizes (1.7-cm diameter) of C polymodal nociceptive afferents, 32, 33 and accordingly, would likely require additional processing centrally. Similarly, although spatial summation of pain (SSP) is frequently noted, the effects are most often subadditive in that an increase in the stimulus size typically results in a disproportionately small increase in pain. 4, 6, 8, 15, 18, 20, 23, 27, 30, 34, 35 Moreover, SSP is clearly influenced by the configuration of stimuli. Discontiguous stimuli frequently elicit more pronounced spatial summation than contiguous stimuli, such that spatial summation of heat pain is maximal at distances of approximately 10 cm. 27, 30 In contrast to other sensory modalities, delivering spatially complex nociceptive stimuli to test interactions that would be indicative of lateral inhibition has long remained challenging. However, the development of a computer targeted laser stimulator now provides the opportunity to test psychophysical responses to stimuli that can be delivered in different patterns while keeping the energy delivered to any given spot of skin constant. 20 Thus, the aim of this investigation was to identify lateral inhibition during nociceptive processing by delivering stimuli in the form of lines of different lengths and comparing responses with 2-point stimuli delivered with separation distances equal to the line lengths. Specifically, we tested the hypothesis that line stimuli would be subject to greater surround inhibition and would therefore be perceived as less painful than 2-point stimuli. Given previous findings on increased SSP with increasing separation distances (up to 10-20 cm), we further hypothesized that stimuli which are delivered in the closest proximity will be subject to the greatest surround inhibition, but that the balance between inhibition and facilitation will shift toward summation as stimulus separation distances increase.
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Methods

Subjects
All subjects participating in this study (11 males and 4 females) were healthy and pain-and drug-free volunteers between 19 and 36 years old (average age 26.4). All participants gave written informed consent acknowledging that they would experience experimental painful stimuli, that all methods and procedures were clearly explained, and that they were free to withdraw from the experiment at any time without prejudice. All the procedures were approved by the local ethics committee of Northern Jutland, Denmark (ref. no N-20070029).
General stimulation methods
All thermal stimuli were delivered by a 100 W CO 2 laser (Synrad 57-1; Synrad, Mukilteo, WA). A scanner head (General Scanning XY10A; GSI Lumonics, Billerica, MA) containing 2 mirrors mounted on galvanometers rapidly, accurately, and reproducibly directed the 4-mm diameter laser beam over the skin. A 1-mm circular dithering was added to the laser trace resulting in a 5-mm diameter beam. The velocity of the laser movement was kept constant at 1525 mm/s across all patterns of stimulation. The skin temperature during stimulation was assessed by infrared video thermography (Agema 900; FLIR Systems, Taby, Sweden). Single-pixel peak temperature values during the stimulated period were recorded.
All stimuli were applied to the abdomen, as this body structure is relatively flat in relation to the more typically targeted arms and/ or legs. Absorption of the laser energy by the skin is determined in part by the angle at which the laser beam hits the skin because progressively oblique angles are associated with greater beam spread, potential reflection of the beam, and hence, less energy deposition.
Stimuli used to assess spatial integration of pain
Three different patterns of stimulation were used to assess spatial integration of pain. Each pattern was presented 3 to 4 times during the experimental phase. All stimulus patterns were 5 seconds in duration. A minimum interval of 30 seconds between any 2 consecutive stimuli was maintained throughout the study to avoid long-term suppression or sensitization. 26 Each stimulated site was used only one time, and stimuli were sequentially delivered using coordinates preprogrammed by computer software.
(1) Single-point stimuli: These stimuli consisted of heating a circular 0.5-cm diameter area of skin and served as a control to assess spatial interactions occurring during other spatial configurations of stimuli. (2) Two-point stimuli: This stimulation pattern consisted of heating 2 circular 0.5-cm diameter skin regions. The centers of these points were separated by 4, 8, and 12 cm distances (Fig. 1) . These stimuli were chosen to reproduce spatial summation that has been previously documented using similarly separated stimuli.
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(3) Line stimuli: This stimulation pattern consisted of heating skin in a contiguous 0.5 cm-width line. These lines were 4, 8, and 12 cm in length (Fig. 1) . These stimuli were chosen to assess how stimulus pattern recruits modulatory activity relative to 2-point stimuli of the same separation distance. In contrast to our previous study 20 where numbers were traced onto the skin using a slow, readily perceptible movement of the laser beam over the skin (35 mm/s), the entire length of the line was delivered effectively simultaneously (eg, "stamped" rather than "traced") by repetitively sweeping the laser beam rapidly across the skin at 1525 mm/s. All different stimulus patterns (lines, pairs of stimuli, or single stimulus) were delivered to the abdomen in a horizontal orientation unilaterally (within dermatomes) and bilaterally (across the midline). Across all stimulation patterns and distances, the laser heat stimulus was applied to the skin with the exact same parameters (application frequency, velocity) to keep both energy deposition per skin area as well as stimulus duration constant. This was operationally accomplished by dynamically targeting the laser along each given line length. However, in the case of the 1-and 2-point stimuli, the laser firing only occurred at the appropriate points, while for the line stimuli, it fired along the entire length of the line. To further minimize potential confounds, different distances and stimulus patterns were presented in a random order.
The determination of stimulus intensity was accomplished by individual titration of laser power, using a 2-step process. First, stepwise increases in the power of a single-point stimulus were used to detect pain threshold using the method of constant stimuli. Next, a range of suprathreshold intensities was used to determine a laser power that evoked pain at an intensity that was rated between 1 and 3 visual analog units for the same singlepoint stimulus. This relatively modest level of stimulation was chosen to provide ample margins of safety to protect research participants from tissue injury.
Psychophysical assessment and training
Subjects were in the supine position during sensory testing. To control for multisensory and attention interactions, subjects were required to focus their gaze on a point straight ahead and concentrate on the given rating task.
After each stimulus, pain intensity was rated with mechanical visual analog scales (VASs). 24 These 15-cm sliding scales were anchored with the words "no pain sensation" to "the most intense pain imaginable." After subjects slid the scale to the appropriate level that corresponded to their actual pain perception, the ratings were quantified by a labeled numeric index (0-10 range) on the back of the scale that was out of the subjects' view. Qualitative ratings of each stimulus were also obtained. After providing a VAS rating, subjects were queried as to whether they perceived 1 point, 2 points, or a line. Two series of training stimuli were used before starting the experiment. The first training series was used for stimulus intensity titration, while the second series of training stimuli exposed subjects to different stimulus patterns (lines, 2-point stimuli, and 1-point stimuli) and provided them with practice rating each configuration.
A single overall VAS rating was obtained from each stimulus to evaluate pain intensity and spatial interactions (facilitation and inhibition). This single rating requires pain integration over large body areas and is typically used in studies of spatial summation. 27, 29 Subjects reported that they were able to perform the rating task after a few trials without any problems. This relatively fast and easy learning suggests that the difficulty associated with rating different stimulus patterns contributed minimally to alterations in spatial integration.
Statistical analyses
Stimulus temperatures were compared between 2-point and line stimuli using a repeated-measures analysis of variance (ANOVA) with planned post hoc comparisons between each stimulation pattern at each stimulation distance. This was performed to identify potential temperature differences that could confound interpretation of differences between stimulus patterns.
During analyses of psychophysical data, VAS ratings were first averaged across the 3 to 4 presentations of each condition for each subject. Using a repeated-measures ANOVA, pain ratings from both lines and pairs were separately compared with those of single control stimuli to assess SSP. Next, a 2 factor repeatedmeasures ANOVA was used to determine the influence of stimulus pattern across stimulation distances.
Differences in the frequency of reports about the perceived spatial distribution of the stimuli were assessed with a x 2 across stimulation distance and across stimulus type.
Results
Stimulation temperatures
Infrared video thermography revealed that within both points and line stimuli, skin temperatures were homogeneous and uniformly distributed. A repeated-measures ANOVA revealed that stimulus temperatures differed significantly between 2-point stimuli and lines (F (3,42) 5 17.2016, P , 0.0001). Post hoc pairwise comparisons between points and lines of equal distance revealed that this difference was restricted to the 12-cm distance where lines were greater than points (F (1, 14) 5 62.67, P , 0.0001), while no differences were detected at the 4 cm (F (1,14) 5 1.38, P , 0.25) or the 8 cm (F (1,14) 5 0.45, P , 0.51) distances (Fig. 2) . Thus, because heat deposition was greater for lines vs points stimuli at 12 cm, data from the 12-cm distance were excluded from all analyses of pain intensity.
Unilateral vs bilateral stimulation
A single factor repeated-measures ANOVA revealed no statistically significant differences in pain intensity ratings between unilateral vs bilateral stimuli (F (3,54) 5 0.089, P , 0.98). To simplify data presentation, these conditions were pooled together for subsequent analyses.
Spatial summation of pain during 2-point and line patterns
Pain intensity from 2-point stimuli exhibited statistically significant spatial summation (F (2,28) 5 4.0669, P , 0.0281, Fig. 3 ). Twopoint stimuli separated by 4 cm were rated as more intense than single-point stimuli (P , 0.047), while ratings of those separated by 8 cm exhibited a strong trend to be more intense (P , 0.0593). In sharp contrast to the spatial summation observed for 2-point stimuli, no significant spatial summation was observed for line stimuli (F (2,28) 5 1.4960, P , 0.2414, Fig. 3 ). The absence of spatial summation of line stimuli is remarkable in light of the marked differences in stimulus areas between 2-point and line stimulation patterns (Fig. 3) . For example, during the 8-cm line, the area of skin stimulated was more than 500% larger than that of a single-point stimulus.
Pain intensity ratings during 2-point vs line patterns
The crucial test of the main hypothesis of this study is comparison of pain from 2-point stimuli vs line stimuli. In this comparison, pain from 2-point stimuli was perceived as significantly more intense than that from line stimuli (F (1,14) 5 14.56, P , 0.0019; Fig. 4 ). Perceived pain intensity also increased as stimulation distance increased from 4 to 8 cm (F (1,14) 5 9.82, P , 0.0073); however, the difference between 2-point vs line patterns did not vary as a function of distance (F (1,14) 5 2.77, P , 0.1185).
Qualitative reports about the perceived spatial distribution of stimuli
The frequency of qualitative reports about the spatial distribution of stimuli varied across stimulus type (Fig. 5) . At 4-cm distances, the frequency of reports of the perception of 1 point vs 2 points vs line was not significantly different across stimulus type (line vs 2 points) (x 2 5 0.289, P , NS, Fig. 5 ). As stimulation distance increased to 8 cm, the frequency of reports significantly differed according to stimulus type (x 2 5 26.043, P , 0.001). For 2-point stimuli, subjects more frequently reported perceiving 2 points than either lines or 1 point. For line stimuli, subjects reported perceiving lines most frequently, although a substantial portion of responses were 2 points (Fig. 5) . Infrared video thermography revealed that stimulus temperatures were not different between 2-point and line patterns at 4 and 8-cm distances. However, at 12-cm distances, the temperatures of the 2-point stimuli were significantly lower than those of the lines. Accordingly, the 12-cm psychophysical data have been excluded from analyses. *P , 0.0001.
Discussion
While remote inhibitory processes associated with descending control of pain and diffuse noxious inhibitory control of pain have received a great deal of attention, more locally mediated inhibition of pain has remained poorly explored. The present psychophysical data provide strong, yet indirect, evidence that locally mediated inhibitory processes contribute substantially to interactions among afferent inputs from noxious stimuli that are in close spatial proximity. The balance between these inhibitory processes and facilitatory interactions serves to importantly shape the processing of afferent nociceptive information and the subsequent perceptual experience.
Spatial summation of pain and facilitatory interactions
Spatial summation is a classic example of interaction between multiple stimuli. The vast majority of studies of SSP surprisingly find that the degree of SSP is subadditive. Classical studies examining the relationship between stimulus area and perceived pain even concluded that SSP did not exist. 9 However, factors related to the stimulus characteristics such as distance between stimuli 29 and their spatial pattern (present data) provide an explanation for both the subadditivity as well as discrepancies between studies.
Spatial summation of pain is critically dependent on the spatial distribution of the stimuli and the populations of neurons that they recruit. Summation of pain from stimuli that are in close proximity is relatively minimal but increases to be near maximal at separation distances of approximately 10 cm. 27, 29 In the case of stimuli that are separated by an optimal distance for maximal summation, the populations of neurons activated by each stimulus may overlap to a degree. The facilitatory processes that occur in this overlap thus may result in a perception of a larger area being stimulated. 30 This phenomenon has been reported as the "filling-in phenomenon" in other sensory modalities 13 and can influence the magnitude of pain that is perceived during multiple stimuli. 30 Figure 3. Pain intensity ratings by stimulus distance for 2-point stimuli and lines (mean 6 SEM). Significant spatial summation was observed for 2-point stimuli but was not detected during the line stimuli (upper panels). The absence of detectable spatial summation during the line stimuli is notable because of the substantial increase in stimulus areas of the line stimuli as the lines grew longer (lower panels). The limited SSP when stimuli are in close proximity may, in part, be related to the relatively large receptive field sizes of nociceptive neurons in the central nervous system, especially wide dynamic range neurons in the deep dorsal horn. 25 Thus, 2 noxious stimuli in relatively close proximity may activate largely the same neuronal population that is activated by one stimulus alone, and thereby, produce only limited facilitatory interactions.
Interestingly, many modern investigations of SSP have typically used multiple, spatially separated thermodes to deliver noxious stimuli, while the classic studies used spatially contiguous stimuli produced by the application of increasing diameters of radiant heat. 9 Moreover, several modern studies using contiguous stimuli do not detect SSP beyond the summation of pain observed at threshold 5, 14 or see a rapid plateau in summation, despite dramatic increases in stimulus area. 35 Accordingly, contiguous stimuli used in investigations of spatial summation may be less effective at evoking facilitatory interactions than spatially separated stimuli. Conversely, lateral inhibition may also limit summation of stimuli in close proximity, such that the final percept represents a balance of facilitation and inhibition. 18 This effect may be particularly evident where stimulating progressively larger, contiguous areas of the body surface results in minimal SSP. 18 
Evidence for multiple types of lateral inhibition
Inhibition can profoundly shape interactions between stimuli and may limit summation to subadditivity. 8, 15, 18, 35 In this study, there was no SSP during the 4-and 8-cm line stimuli compared with the single-point stimuli, despite the fact that areas 313% and 538% larger were stimulated during the line stimuli. More importantly, subjects rated pain intensity . Despite involving markedly larger stimulation areas than the 2-point stimuli, the line stimuli were perceived as significantly less painful than 2-point stimuli. This effect remained consistent over the 2 different stimulation distances. Inspection of individual ratings (lower panel) reveals some individual variation in this response; however, female subjects (grey circles) did not appear to exhibit responses that varied systematically from those of male subjects (black squares). Nevertheless, this discordance between stimulus area and perceived pain intensity indicates that the pattern of stimulus application represents a critical variable that shapes the balance of facilitatory vs inhibitory interactions between nociceptive inputs arising from multiple body regions. Thus, the greater pain experienced during the 2-point vs line stimuli provides evidence for lateral inhibition during nociceptive processing.
significantly lower for the line stimuli than for equidistant pairs of stimuli. When taken together with the limited spatial summation seen when stimuli are in close proximity, these findings strongly suggest that the line stimuli are engaging one or more inhibitory processes.
Lateral inhibition is a common neurocomputational function and may occur at multiple levels of the nociceptive neuraxis, ranging from the spinal cord, to thalamus, to the primary somatosensory cortex, and beyond. However, the strongest and most extensive evidence for lateral inhibition lies within the spinal cord. Spinal cord nociceptive neurons have long been known to have large inhibitory surround receptive fields. 7 These inhibitory fields may occupy nearly the entire body outside the excitatory zone. Moreover, this inhibition is not dependent on descending processes, as it is largely preserved after spinal cord transection. 7 However, such large fields would be predicted to exert nearly equal influence on stimuli that were in close proximity as well as those that were widely separated. Thus, these large inhibitory surrounds may account for the subadditive excitation produced by stimuli that are separated by ;10 cm or more. 28 Large, nearly whole-body inhibitory fields cannot, however, explain the progressive reductions in spatial summation that occur as stimulus separation distances are decreased below ;10 cm. Although (as noted above) a large overlap in the populations of recruited neurons may explain a portion of this reduced spatial summation, neither large inhibitory fields nor diminished population recruitment can explain why line stimuli were perceived as less painful than 2-point stimuli. Accordingly, an additional inhibitory mechanism appears to be required to explain spatial interactions below a ;10 cm-radius.
Lateral inhibition between 2 punctate stimuli has been reported for tactile and nonnociceptive warm stimuli delivered in close proximity 1, 2 and can provide insight into the dependence of SSP on stimulus configuration. During pairs of stimuli, the sensory magnitude increased as the distance between the 2 stimuli increased (from 0 to 2 cm). However, after a certain separation distance (around 3-4.5 cm), the perceived intensity of the stimuli became smaller for 2-point stimulation than for a single stimulus. 2 The term "neural units" was used to describe the receptive field of an individual neuron involving a combination of sensation area (excitatory zone) and refractory area (inhibitory surround zone).
These early studies on lateral inhibition suggested that it would be attributed to central interconnections. 1 In the spinal cord, both widespread and local primary afferent depolarization has been identified. 16 Such inhibition may contribute importantly to the dynamic regulation of the receptive field sizes of spinal cord neurons. 38 The local form of primary afferent depolarization may reflect lateral inhibitory processes that are of a spatial scale sufficient to account for the reduced pain observed during the line stimuli. Such primary afferent depolarization may be supported to a substantial degree by the action of GABAergic interneurons. 38 A large population of interneurons in laminae I-II (30%-45%) is GABAergic neurons, 36 and during thermal stimulation of the receptive field, activation of these interneurons can inhibit neurons in the deeper laminae of the spinal cord. In the case of nociceptive stimuli, a circuit in which nociceptive C-fiber input regulates the influence of other Cafferents by a GABAergic mechanism has been identified in substantial gelatinosa of the dorsal horn of the spinal cord. 17 Such a circuit would be well positioned to support the local inhibition that occurs during both line stimuli as well as stimuli that are in close proximity. Finally, in vivo patch-clamp recordings of nociceptive neurons indicate that local inhibitory receptive fields of nociceptive neurons paradoxically exert maximal inhibition at the center of the excitatory receptive field and that these inhibitory receptive fields are broader than corresponding excitatory receptive fields.
11 Accordingly, contiguous stimuli would be subject to more local inhibition than spatially separated stimuli. Thus, SSP would be greater for 2-point stimuli than line stimuli.
Lateral inhibition, spatial discrimination, and chronic pain
Lateral inhibition is a process that is critical for spatial discrimination. During stimulation of a spatially discrete single point, lateral inhibitory mechanisms suppress input arising from surrounding areas to enhance single-point localization to equal or exceed that predicted by receptive field organization. 1, 12, 19, 22, 31 During 2-point stimulation, similar lateral inhibitory mechanisms allow 2 points to be correctly identified as separate stimuli. During 8-cm stimulation, subjects could reliably distinguish 2-point stimuli from lines or single points. In contrast, during 4-cm stimulation, subjects could not reliably distinguish 2-point stimuli or line stimuli from single-point stimuli.
Lateral inhibition may be critically important in chronic pain, particularly in keeping pain localized to a given distribution. Spread of pain outside the territory of the affected nerve is frequently noted during complex regional pain syndrome, 37 suggesting that lateral inhibition may be diminished. Furthermore, many chronic pain syndromes are characterized by diminished tactile acuity, 3 again suggesting disruption of lateral inhibition. Finally, training with spatial localization paradigms results in improvement of complex regional pain syndrome that parallels improvement of 2-point discrimination, 21 suggesting that the recovery of lateral inhibition can contribute importantly to recovery from some forms of chronic pain.
Conclusions
In summary, despite substantially larger stimulus areas, line stimulus patterns were perceived as less painful than 2-point stimuli. This finding indicates that the spatial configuration of noxious stimulation may critically influence the balance of local excitatory and inhibitory activity and underscores the importance of inhibition during nociceptive processing. Frequency of reports of different perceived spatial configurations. At 4-cm stimulation distances, the frequency of reports of different spatial configurations did not differ between 2-point stimuli and line stimuli. Both stimuli were characterized by frequent reports of "1 point" regardless of the stimulus type. However, at 8-cm distances, subjects correctly reported "2 points" most frequently during 2-point stimuli and "lines" most frequently during the line stimuli.
